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E a r l i e r  s t u d i e s  of  t h e  k i n e t i c s  of  t h e  CO2-C r e a c t i o n  have gener- 
a l l y  been d e f i c i e n t  for one o r  both of t w o  reasons :  e i t h e r  t h e  d a t a  
were based on i m p r e c i s e  methods o f  determining t h e  e x t e n t  of r e a c t i o n  
(e .g . ,  product  g a s  a n a l y s i s ,  r e a c t a n t  weight d e c r e a s e ,  p r e s s u r e  v a r i a -  
t i o n )  or t h e  d a t a  did n o t  y i e l d  informat ion  concerning local- or 
p o i n t - r e a c t i o n  rates,  which are t h e  kind of d a t a  r e q u i r e d  f o r  fonnu- 
l a t i n g  k i n e t i c  mechanisms. Most commonly t h e  d a t a  were on r e a c t i o n  i n  
a t u b e  of f i n i t e  l e n g t h ,  packed w i t h  carbon. 

The p r e s e n t  s t u d i e s  were of mono-layers o f ’ c a r b o n  p a r t i c l e s  rest- 
i n g  on a screen  up through which t h e  r e a c t a n t  g a s  mixtures  were passed, 
t h e  system being ma in ta ined  i so thermal .  D e t a i l s  o f  t h e  appara tus  and 
exper imenta l  t e c h n i q u e s  a r e  given by Wu (L) .  The r e a c t a n t  g a s e s  were 
COz ,  C02-N2 m i x t u r e s ,  and CO2-CO mixtures .  Before each run  t h e  system 
w a s  evacuated,  f o l l o w i n g  which r e a c t a n t  g a s  was passed through f o r  1 0  
to  15  minutes .  Because of t h e  h igh  r e a c t i v i t i e s  o f  H 2 0  and 0 2  
r e i a t i v e  t o  C62 t h e  gas mixture  was dr ied by passage through a bed of 
Drierite and  t h e n  s t r i p p e d  of  t r a c e  oxygen by c o n t a c t  wi th  reduced 
copper  t u r n i n g s  a t  415OC. A f t e r  t h e  f u r n a c e  had reached t h e  d e s i r e d  
tempera ture  l e v e l  t h e  s c r e e n  with t h e  carbon p a r t i c l e s  was introduced 
by a magnet ica l ly  o p e r a t e d  s l i d e  mechanism t h e  smooth o p e r a t i o n  of 
which prevented d i s t u r b a n c e  of  t h e  carbon bed. A f t e r  a s p e c i f i e d  time 
t h e  carbon bed w a s  q u i c k l y  removed, cooled and weighed. The decrease  
i n  weight of t h e  ca rbon  and t h e  t i m e  of r e a c t i o n  w e r e  used t o  determine 
t h e  s p e c i f i c  r e a c t i o n  rate f o r  each run.  

The s o l i d  r e a c t a n t  used was from t h e  same l o t  used by G i l l i l a n d  
e t  a1 (2) and by Graham (3)  i n  f l u i d i z e d  beds. The e f f e c t  of p a r t i c l e  
s i z e  from 80-100 mesh t o  10 mm d iameter  was determined i n  t h e  present  
s t u d i e s .  The coke c o n t a i n e d  9.5 weight per  c e n t  a s h  and a s m a l l  
percentage  o f  V.C.M. React ion r a t e s ,  R ,  mg c/g.c. min., are expressed 
on an a s h - f r e e  basis and c o r r e c t e d  f o r  loss of V.C.M. as a func t ion  of 
r e a c t i o n  time, t e m p e r a t u r e  and p a r t i c l e  s i z e  on t h e  b a s i s  of experiments 
made i n  pure N . The maximum weight loss c o r r e c t i o n  f o r  V.C.M. amounted 
to  1.5% of t h e  i n i t i a l  weight  of t h e  p a r t i c l e s .  

The v a r i o u s  r e a c t i o n  rate terms used a r e  d e f i n e d  as fol lows:  

(1) The i n s t a n t a n e o u s  s p e c i f i c  r e a c t i o n  r a t e  R i  i s  def ined  as 
t h e  r a t e  of d e c r e a s e  i n  weight of carbon based on u n i t  weight W of 
carbon a t  t h e  f r a c t i o n a l  res idua l  carbon Wo-W/Wo = F: 

- dW _ -  d I n  W = -  d I n  (1-F) 
W d8 d8 d 8  

Ri =- - 
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( 2 )  The i n i t i a l  s p e c i f i c  r e a c t i o n  rate is d e f i n e d  as t h e  rate 

of decrease  i n  weight  of carbon based on u n i t  weight  of  carbon a t  F=O: 

(3 )  The average s p e c i f i c  r e a c t i o n  rate Ra is d e f i n e d  a s  t h e  
time mean of t h e  i n s t a n t a n e o u s  s p e c i f i c  r e a c t i o x  rate R i  from F=O. 
t o  F=F; 

The experimental  r e s u l t s ,  a l l  obta ined  a t  a t o t a l  p r e s s u r e  of 

1. Experiments us ing  New England coke p a r t i c l e s  of 50-60 mesh. 

780 mmHg, can be c l a s s i f i e d  i n t o  t h e  fo l lowing  t w o  groups:  

I 

The g a s  f l o w  r a t e ,  except  i n  t h e  v e l o c i t y  r u n s ,  w a s  maintained 

(a) Ng blank runs:  Typical  r e s u l t s  are listed i n  Table  1, 
a s  f r a c t i o n a l  decrease i n  weight  of 

t h e  sample, , c a l c u l a t e d  from t h e  data on an  ash- f ree  
b a s i s  a t  FN2 d i f f e r e n t  temperatures .  

c o n s t a n t .  

\ 
, 

(b)  c 0 2 - N ~  runs:  F ive  temperatures  (1500, 1600, 1700, 1800 
and 1900OF) were i n v e s t i g a t e d .  The time 

of r e a c t i o n  was a d j u s t e d  f o r  each run t o  g i v e  approximately 
10% r e a c t i o n .  I n  F igure  1 t h e  v a l u e s  of t h e  average  
s p e c i f i c  reaction rate R are p l o t t e d  v s  t h e  p a r t i a l  p r e s s u r e  
of CO2 on semi- logari thmfe c o o r d i n a t e s .  
curves t h e  upper one shows Ra 
basis, and t h e  lower one showx tha t  c a l c u l a t e d  on an ash- f ree  
basis, after being corrected f o r  V.C.M. based on t h e  N 2  
blank runs.  

For each  p a i r  of 
c a l c u l a t e d  on an  ash- f ree  

I 

(c) C02-CO runs:  These d a t a  are shown i n  F igure  2 .  

(d) Veloc i ty  runs :  The temperatures  i n v e s t i g a t e d  were t h e  
same as i n  t h e  Cop-Np  runs.  S i n c e  t h e  

g a s  f lows were i n  t h e  laminar  r e g i o n  a l i n e a r  p l o t  o f  R versus  
t h e  r e c i p r o c a l  of  t h e  g a s  flow rate gave s t r a i g h t  l i n e s  which 
could be e x t r a p o l a t e d  on a s t r a i g h t  l i n e  through t h e  d a t a  
p o i n t s  t o  t h e  o r i g i n ,  corresponding t o  t h e  r e a c t i o n  rate i n  
pure  COP , uncontaminated by t h e  CO produced. 

TABLE 1 

Evolut ion of  VCM as a f u n c t i o n  of  t ime and temp. i n  N p  50-60 mesh p a r t i c l e s .  

TEMP. OF 1500 1600 1700 ~ 1800 1900 
FN x l o 3  8.8 7.9 10.3 8.1 15 11.6 19 14.5 11 , 9  6.7 

6, min 610 463 240 100 ,120 60 90 60 30 15 10 
2 
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2 .  Experiments us ing  New England coke p a r t i c l e s  of d i f f e r e n t  
s i z e s ,  r e a c t i n g  wi th  pure  carbon dioxide a t  1800° F. 

( a )  N2 blank runs:  The f r a c t i o n a l  g a s i f i c a t i o n  i n  N2 f o r  

time was about  60 p e r  c e n t  of  t h a t  for  t h e  50-60 mesh d a t a  
shown i n  Table  1 and t h a t  for t h e  80-100 mesh p a r t i c l e s  was 
about  50 per c e n t  g r e a t e r ,  The e f f e c t  o f  f u r t h e r  increase 
i n  p a r t i c l e  s i z e  up t o  n e a r l y  10 mm d iameter  was a very  
small, less t h a n  10 p e r  c e n t  decrease  i n  g a s i f i c a t i o n  below 
t h a t  f o r  t h e  8-10 mesh p a r t i c l e s .  

t h e  8-12 mesh p a r t i c l e s  a t  any g iven  

(b)  Time runs: React ion runs  were made wi th  samples of  
p a r t i c l e  s i z e s  between 8-100 mesh. S ix  

d i f f e r e n t  p a r t i c l e  s i z e s  were used,  namely, 8-12, 16-20, 
30-40, 50-60, 70-80, and 80-100 mesh. Each sample weighed 
about  0.1 gram. The v a l u e s  of Rav c a l c u l a t e d  
corrected d a t a  are plotted vs e i n  F i s u r e  3 
l i n e s  of c o n s t a n t  F: 

DISCUSSION OF RESULTS E f f e c t  of P a r t i c l e  S i z e  

From s l o p e s  of t h e  curves  of  R v s  i n  F igure  3 
w e r e  c a l c u l a t e d  and e x t r a p o l a t i o n  ofVthese  t o  F=O gave 
of % and t h e  maxima of R i  are shown as a f u n c t i o n  of 
p a r t i c l e  diameter i n  F igure  4 .  

From F i s u r e  3 it is clear t h a t  t h e  r e a c t i o n  r a t e  

from t h e  
t o g e t h e r  wi th  

v a l u e s  of R i  
%. Values 
n i t i a l  

s i n f l u e n c e d  
n o t  on ly  by i h e  f r a c t i o n a l  decrease i n  weight  of carbon,  F, b u t  a l s o  
by t h e  diameter  of  t h e  coke p a r t i c l e ,  D. 

maximum, and t h e n  d e c l i n e d  wi th  f u r t h e r  r e a c t i o n .  There w a s  a 
pronounced t r e n d  f o r  t h e  maximum t o  occur  a t  l a r g e r  F v a l u e s  when 
smaller p a r t i c l e s  were used. 

p a r t i c l e  s i z e  can be 8f&lained as being due t o  t h e  presence  i n  t h e  
coke of a s h ,  which amounts to  9.5%. I n  t h e  case of t h e  large p a r t i c l e s ,  
on ly  a r e l a t i v e l y  small  f r a c t i o n  of  t h e  weight of  t h e  p a r t i c l e  h a s  to 
be reacted to  form a s u b s t a n t i a l  l a y e r  of a s h  on t h e  s u r f a c e .  The 
a s h  coa t ing  t h e n  makes t h e  carbon less a c c e s s i b l e  t o  t h e  r e a c t i n g  
g a s ,  and t h e  r e a c t i o n  rate f a l l s  o f f .  However, i n  t h e  c a s e  of  t h e  
small  p a r t i c l e s ,  a l a r g e  f r a c t i o n  of t h e  weight of t h e  p a r t i c l e  must 
be burned away to  produce t h e  s u b s t a n t i a l  a s h  l a y e r  t h a t  r e t a r d s  
f u r t h e r  r e a c t i o n .  

For a l l  s i z e s  i n v e s t i g a t e d ,  R i  i n i t i a l l y  i n c r e a s e d ,  reached a 

The s h i f t  of R i (  t o  l a r g e r  v a l u e s  of F w i t h  decrease i n  

The e f f e c t  of  i n i t i a l  p a r t i c l e  s i z e  on t h e  s p e c i f i c  r e a c t i o n  
r a t e  a s  shown i n  F igure  3 may be explained a s  fo l lows:  (1) I n  
t h e  l a r g e r  s i z e  range,  2-10 mm, t h e  r e a c t i o n  occurs  i n  a t h i n  
porous coke l a y e r  dependent i n  t h i c k n e s s  on t h e  ra t io  of  t h e  r a t e  
of d i f f u s i o n  of Cop i n t o  t h e  p a r t i c l e  t o  t h e  rate of r e a c t i o n  on t h e  
s u r f a c e s  of t h e  pores  b u t  independent of p a r t i c l e  d i a m e t e r s ,  t h u s  
t h e  r a t e  is p r o p o r t i o n a l  t o  t h e  s u p e r f i c i a l  s u r f a c e  area of  t h e  
p a r t i c l e s  - a s l o p e  of minus u n i t y  i n  F igure  3. 
s i z e  i s  f u r t h e r  reduced, 1 .5  t o  0 . 5  mm, t h e  t h i c k n e s s  of t h e  

( 2 )  As t h e  p a r t i c l e .  

I 
, .  

, .  
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diffusion-reaction zone becomes comparable with the particle radius 
and all of the particle volume becomes active, specific reaction 
rate becomes nearly independent of particle size. (3) With further 
decrease in particle size it is possible that the average depth of 
the pores in which reaction occurs is also reduced thus accounting 
for the increase in specific reaction rate as the particle size is 
reduced from 0.5 to 0.17 nun. It should also be noted that the 
initial apparent density of the coke particles (1.0 g/cc for massive 
particles) increased from 2.0 g/cc to 2.8 g/cc as the particle size 
was reduced in this size range, probably due to a loss of ash in 
the grinding and sieving process. This could also be advanced as an 
explanation for the increase in specific reaction rate as size 
decreases in this size range. 

Effect of Fractional Reaction 

In other experiments (1) with ash-free electrode carbon gasified 
in C02 it was found that, presumably because of an increase in 
surface area with progress of reaction, the instantaneous specific 
reaction rate was a linear function of the weight fraction gasified: 

Ri = Ro(l + E F) , where m/Ro was 14 for 50-60 mesh particles. 
0 

In the present experiments the effect of the ash as shown in 
Figure 3 is apparently to accumulate to such an extent that the 
increase in surface area due to reaction is finally offset by the 
accumulation of ash. 

The present data on coke can be correlated by the empirical 
express ion 

in which the exponential represents the retarding effect of the ash 
and m is a function of initial particle diameter 

, D i n m m  
lO(2 + log10D) 

RO 

m =  

It is interesting to note that m for 50-60 mesh from this equation 
for coke is 13 vs the 14 reported for electrode carbon. The 
studies of Goring (41, Oshima and Fukuda (2) and of Duffy and 
Leinroth(l7) - show similar results on high-ash cokes. 

Kinetics 

1. Langmuir-Hinshelwood derivation 

Hinshelwood et al(16) presented the following derivation 
as representative of the simiiest application of the early ideas of 
Langmuir (6) - on the effect of surface adsorption on heterogeneous 
reactions. Note that Langmuir himself did not present the following 
derivation, and in fact stated in 1915 ( I )  that he did not believe 



carbon d i o x i d e  w a s  adsorbed  i n  t h e  r e a c t i o n  of carbon wi th  carbon d i -  
oxide. He  gave  i n s t e a d  t h e  f i r s t  s t e p  of t h e  mechanism of Semechkova 
and Frank-Kamenetzky. 

Hinshelwood et  a 1  made t h e  assumption t h a t  bo th  t h e  r e a c t a n t ,  C o 2 ,  
and t h e  r e t a r d i n g  p r o d u c t ,  CO, a r e  adsorbed as  such  on t h e  carbon 
s u r f a c e ,  and t h a t  t h e  r a t e  of  r e a c t i o n  is  p r o p o r t i o n a l  t o  t h e   fraction,^ 
of  t h e  s u r f a c e  covered by t h e  r e a c t a n t .  The mechanism can  then  be 
expres sed  by t h e  fo l lowing  equa t ions :  

k i  

i n  which e q u a t i o n s ,  ( . . . I  r e p r e s e n t s  g a s  i n  t h e  adsorbed s t a t e .  

The s u r f a c e  c o n s i s t s  of  e q u i v a l e n t  and independent r e a c t i o n  s i t e s ,  
each  of which can be  occupied  by one CO2 or one  CO molecule.  When a 
s t e a d y  s t a t e  on t h e  s u r f a c e  is  a t t a i n e d ,  t h e  r a t e  of r e a c t i o n  per  u n i t  
s u r f a c e  i s  then  g iven  by: 

k3 kl  
1 +  5 pco + k2/k5 pco, 

2. Der iva t ion  of Semechkova and Frank-Kamenetzky ( S )  
The assumpt ions  made are t h a t  carbon d i o x i d e  is n o t  adsorbed ' 

as such,  bu t  reacts  w i t h  t h e  carbon t o  g i v e  an atom of  oxygen which 
remains on t h e  s u r f a c e ,  and a molecule of  carbon monoxide which passes  
i n t o  t h e  gas  phase.  The adsorbed oxygen atom, t a k i n g  up a n  atom of 
carbon from t h e  s u r f a c e  forms gaseous  carbon monoxide a t  a s t eady  rate. 
Carbon monoxide p r e s e n t  i n  t h e  g a s  phase  i s  always i n  equ i l ib r ium wi th  
carbon monoxide i n  t h e  adsorbed s ta te  o n  t h e  s u r f a c e  ( t h i s  is  t h e  Sole 
p a r t  of  t h e  r e a c t i o n  scheme which is i d e n t i c a l  w i t h  t h e  p rev ious  der i -  ' 
v a t i o n ) .  There is a d i s t i n c t i o n  between t h e  adsorbed oxygen and t h e  
adsorbed carbon monoxide. The fo l lowing  e q u a t i o n s  expres s  t h e  
mechanism: 

( 8 )  
kb c + CO, c_c co + co* 

(10) 
I 



i n  which COf r e p r e s e n t s  a n  0 atom adsorbed on carbon, and (CO) r e p r e s e n t s  
CO i n  t h e  adsorbed state. 

t o  be: 
When a s t eady  s ta te  on t h e  s u r f a c e  is a t t a i n e d .  t h e  rate is found 

It i s  Seen t h a t  also t h i s  expres s ion  is of t h e  same form as equa t ion  

3. Modified Semechkova and Frank-Kamenetzky Der iva t ion  (1) 

7 

I n  t h i s  d e r i v a t i o n  t h e  assumption is a l s o  made t h a t  carbon 
d i o x i d e  is n o t  adsorbed as such,  b u t  r e a c t s  w i t h  t h e  carbon t o  form 
a gaseous  carbon monoxide molecule ,  and an adsorbed oxygen atom, 
which is nex t  transformed a t  a s t eady  rate,  no t  t o  gaseous  CO, b u t  t o  
(CO) ,  t h e  adsorbed CO, t h e  c o n c e n t r a t i o n  of  which on t h e  s u r f a c e  i s  i n  
equ i l ib r ium w i t h  the  CO i n  t h e  g a s  phase. 

The fo l lowing  equa t ions  r e p r e s e n t  t h i s  mechanism: 

k6 c + cor- co + COf (12) 

k3 - (CO) co 
-kl, 

A t  s t eady  s u r f a c e  s ta te  the fo l lowing  r e l a t i o n s  hold :  

I 

Rate = kes3 = 

(14 )  

which equa t ion  is seen  t o  be of t h e  same form as (7 )  and (11) and o f ,  
the  g e n e r a l  type  

(16) 
R l  Pco2 
1 + KzPco + K3P 

R =  

The a p p l i c a b i l i t y  of t h e  Langmuir type equa t ion  can  be t e s t e d ,  
and t h e  c o n s t a n t s  involved eva lua ted  by a p p l i c a t i o n  t o  t h e  d a t a  
ob ta ined  i n  both  CQ-Nz and C q - C O  r u n s  shown i n  Figs .  1 and 2 .  I t  
i s  e v i d e n t  t h a t  where the  s u r f a c e  is comple te ly  c h a r a c t e r i z e d  by F, 
as shown be fo re ,  the ins t an taneous  specific r e a c t i o n  rate a t  any F 
could  be used f o r  t h i s  eva lua t ion .  However, R w a s  chosen as a 
r e f e r e n c e  va lue  f o r  t e s t i n g  t h e  v a l i d i t y  of  thg proposed Langmuir equa- 
t i o n .  

c o 2  

The procedure used w a s  a s  fo l lows:  
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I n  t h e  case  of t h e  c 0 2 - N ~  r u n s ,  t h e  term K2 P i s  0 ,  i f  t h e  effect o f  
t h e  CO genera ted  d u r i n g  t h e  r e a c t i o n  can  be nsglected. 
can  hence be reduced and r ea r r anged  to: 

The equat ion  

(17) co2 K 3  1 
P 
- -  - - p  + -  

K 1  ‘02 K1 
RO 

1 
If the  proposed equa t ion  f i t s  t h e  d a t a ,  t h e n  for a s p e c i f i c  

r e a c t i o n  tempera ture  when PCo2/Ro is  p l o t t e d  vs  P, on l i n e a r  
coord ina te s  a s t r a i g h t  l i n e  
l / K 1  should r e s u l t ,  from which v a l u e s  of K 1  and K 3  c a n  be eva lua ted .  
The d a t a  f o r  1900°F are shown i n  F igu re  5;  t h e  i n t e r c e p t  g i v e s  
K1 = 28.6 and t h e  s l o p e  g i v e s  K 2  = 0.56. 

When t h e  e q u a t i o n  is a p p l i e d  t o  t h e  CO2 - CO r u n s ,  rearrangement , 
of  t h e  equa t ion  t o  a more convenient  form is  p o s s i b l e  by s u b s t i t u t i n g  
P + Pco = n ,  where n i s  t h e  t o t a l  p r e s s u r e  on t h e  r e a c t i o n  system. 

w i t h  s l o p e  K 3 / K l L o 2  and i n t e r c e p t  
i 

CO2 The r e a r r a n g e d  equa t ion  t h e n  becomes i 

Cop K g  - K 3  1 + K 3 n  P 
-I 

K 1  
pco + 

RO K 1  
(18) 

I 

is plot ted v s  P-- 4 
LU 

For  a s p e c i f i c  r e a c t i o n  tempera ture  when PCOi/Ro 
on L i i i e i i i  c o o r d i n a t e s ,  a s t r a i g h t  l i n e  wi th  s l o p e  
K 2 - K 3 / K 1  and i n t e r c e p t  1+K3n/K1 should be obta ined .  With t h e  a i d  of 
t h e  v a l u e s  for K 1  and K 3  c a l c u l a t e d  from t h e  r e s u l t s  of t h e  c 0 2 - N ~  
r u n s  a t  t h e  same tempera tu re ,  K 2  c an  then  be  eva lua ted  from t h e  s lope  , 
of t h i s  l i n e .  F i g u r e  6 shows t h e  1900°F d a t a ,  t h e  s l o p e  is 0.6 from 
which K 2  = 18. 

ove r  t h e  range of var iab les  i n v e s t i g a t e d ,  R for 50-60 mesh p a r t i c l e s  
cou ld  be  r ep resen ted  by a Langmuir t y p e  e q u s t i o n  of  t h e  fo l lowing  form: 

The d a t a  for  t h e  o t h e r  t empera tu res  were s i m i l a r l y  t r e a t e d  and 

- 
+ K 2 P ~ ~  + K 3 P ~ 0 2  

Ro - 

The v a l u e s  o f  K l ,  K2 and K 3  are l i s t e d  i n  Table  2 and shown on 
l o g a r i t h m i c - r e c i p r o c a l  t empera tu re  c o o r d i n a t e s  i n  Fig.  6 .  

TABLE 2 

Langmuir Equation Cons tan t s  

(50-60 mesh) 

Reaction Temperature, OF 
Cons tan t s  
K~ 
K ?  (am-’) 

(mg .C/gm. c .min. atm) 
1500 1600 1700 1800 1900 
0.230.93.18101228.5 
423 178 78 I36 1 8 .  
0.5 0.45 0.39 0.35 0.56 K; ( a m ” )  
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Figure 5. Test of Isotherm 
1900 F., 50-60 Mesh 

P ATM. co I 
Figure 6. Test of hngmuir Isotherm 

1900 F., 50-60 Mesh 



From t h e  s t r a i g h t  l i n e  shown on Fig.  6 t h e  va lues  o f  K and E w e r e  
c a l c u l a t e d  f o r  each  c o n s t a n t  and are l isted i n  Tab le  3' : 

TABLE 3 

Values  of E and K _  i n  K = K-e -E/RT 

(50-60 mesh) 

E1 111,000 (B tu / lb  mole) K10 5.2 x 10" (mg C/gm C min atm) 

E2- 1 2 , 5 0 0  K20 3.6 x (am-') I1 

E3- 11,000 n K30 3 x ( a m - ' )  

I t  i s  t o  be no ted  t h a t ,  i f  t h e  equa t ion  d e s c r i b e s  a r a t e  a f f e c t e d  
by s u r f a c e  a d s o r p t i o n  of CO and C02, i . e . ,  i f  t h e  Langmuir-Hinshelwood 
d e r i v a t i o n  is  s u b s t a n t i a l l y  c o r r e c t ,  t hen  t h e  s i g n s  of t h e  t h r e e  E's 
a r e  a s  expected.  E2 and E3 are a s s o c i a t e d  with adso rp t ion  phenomena 
which should become less impor tan t  a s  t h e  tempera ture  r i ses ,  whereas 
El (= E + E31 i s  the pr imary measure of e f f e c t  of temperature  on 
r eac t io i i  rate. 

4 .  The Temkin adso rp t ion  i so therm 

A major  t h e o r e t i c a l  d e f i c i e n c y  of t h e  Langmuir adso rp t ion  --" ic-+h-- -..--... i= the  L z ~ p l i z i t  ass-Liptioii of uiiifoiin heat sf chemisorption 
and hence of  s u r f a c e  a c t i v i t y .  For most r e a l  s u r f a c e s  t h e  h e a t  of 
adso rp t ion  changes w i t h  t h e  deg ree  o f  occupat ion  of t h e  su r face  ( 9 1 ,  
(E) ,  (11) and (12). A l i n e a r  decrease i n  hea t  of adso rp t ion  w i t K  
f r a c t i o n a l  s u r f a c e  coverage  l e a d s  t o  an isotherm f o r  which t h e  f r a c t i o n a  
s u r f a c e  coverage i s  p r o p o r t i o n a l  t o  t h e  logar i thm of t h e  p re s su re  of 
t h e  adsorb ing  gas .  Th i s  isotherm has  been named a f t e r  Temkin (13) 
a l though t h e  concep t  appea r s  i n  t h e  works o f  e a r l i e r  Russians (141, (15) 

I f  t h e  h e a t  of a d s o r p t i o n ,  q ,  f a l l s  l i n e a r l y  wi th  t h e  f r a c t i o n  
of s u r f a c e  occupa t ion ,  S ,  

q qo (1 - 6s) 
t h e  i so therm i s  g i v e n  by 

where,  6 = a c o n s t a n t  

qo = a c o n s t a n t  

a. = c o n s t a n t  

I f  it i s  assumed t h a t  chemisorp t ion  of C02 i s  f a s t  compared wi th  
subsequent  s u r f a c e  r e a c t i o n s  and t h a t  t h e  r a t e  o f  s u r f a c e l r e a c t i o n  1s 
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f r a c t i o n  of t h e  s u r f a c e  copered then 



. 
b 

I 



Ro = a ( T )  + b(T) In  Pcoz ( 2 1 )  

Thus a p l o t  of  reac t ion  ra te  versus  logarithm of  t h e  p r e s s u r e  
should  be l i n e a r .  F ig .  7 shows t h e  d a t a  f o r  50-60 mesh p a r t i c l e s  i n  
pure  COz a t  1900OF. The d a t a  f o r  o t h e r  temperatures a r e  correlated 
e q u a l l y  w e l l .  

From Eqs. 1 9 ,  20 and 2 1  

( 2 2 )  5 = 1 n a o + -  90 
b RT 

Thus a p l o t  of a/b versus  1 / T  should g i v e  a s t r a i g h t  l i n e  w i t h  s lope  
q /R.  The p resen t  d a t a  g i v e  a value of  h e a t  of  a d s o r p t i o n  of C o p  of 
2800 B t u / l b  mole and an  i n t e r c e p t  I n  a. = 1 . 4  a t  1/T = 0. 

shou ld  be exponent ia l  i n  1/T. T h i s  w a s  found t o  be  s o , g i v i n g  a 
v a l u e  b/T = 81xe-45,600/RT. 

S i n c e  qo probably  does n o t  va ry  g r e a t l y  wi th  tempera ture  b/T 

-7 -  -I*---I I--- I---- --a- e- ~ - - - t  thrr  cn--nn mivt.rra a=.+=. ..-iqrr 
L"" c&LLc't,pL A l a J  YSS., I , L c & U S  C" CLGUL b.15 -"L b" ..,*.aLU*C uucu ..-.&*Y 

t h e  l o g a r i t h m i c  a d s o r p t i o n  isotherm. 
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